Although our understanding of the mechanisms of vertigo and pathophysiology of vertiginous disorders has increased, diagnosis and treatment of various vertiginous diseases is challenging. The objective for the treatment of a vertiginous disease is to eliminate the underlying pathology either with maneuvers or drugs. In vertiginous diseases, surgery is performed either to eliminate the underlying pathologic event or to create stability in the incoming vestibular signals. It is not always possible to treat the underlying disease. Therefore, surgery is usually performed for the relief of vertigo. There are various surgical approaches used to treat a variety of vertiginous diseases. Selection of the approach depends on the type of vertiginous disease. This review mainly focuses on the current status and outcome of the surgeries used in the treatment of a variety of vertiginous diseases.
Introduction
The vestibular system is formed by the vestibular end organ in the inner ear (utricle, saccule and semicircular canals), vestibular nerve and vestibular nuclei in the brainstem and related subcortical structures. There are two vestibular systems, one on the right and the other on the left side.
The vestibular end organ is the site where mechanical energy produced by the flow of endolymph is converted to electrical energy through deflection of steriocilia of the hair cells. The right and left vestibular end organs act as pairs. The utricle, saccule and lateral semicircular canal on one side are paired with their counterparts on the contralateral side. The posterior semicircular canal is paired with the superior semicircular canal on the contralateral side and vice versa. Each pair produces equal discharges in opposite directions, i.e. as one is hyperpolarized the other is depolarized. These polarizations occurring in a push-pull fashion represent symmetricity of the peripheral vestibular apparatus. Discharges reach the ipsilateral vestibular nuclei in the brainstem. Vestibular nuclei, which contain the second-order neurons, can modify incoming signals and make spinal, ocular, cerebellar and cerebral connections.
Asymmetry between both vestibular systems produces a hallucination of motion, that is vertigo. When a disorder causes this asymmetry, vestibular nuclei can modify incoming signals in a few days and make them symmetrical. This is referred to as vestibular compensation, which is related to the plasticity of the vestibular nuclei. However, when fluctuations occur in the incoming signals, vestibular adaptation or compensation cannot occur, because vestibular nuclei like stability rather than instability in the incoming signals. This is the rationale for vertigo surgery, which helps adaptation of the vestibular nuclei by creating stability in the stimuli coming from the periphery. Although our understanding of the mechanisms of vertigo and pathophysiology of vertiginous disorders has increased, diagnosis and treatment of various vertiginous diseases is challenging. The objective for the treatment of a vertiginous disease is to eliminate the underlying pathology either with maneuvers or drugs. When this is not possible, surgery is performed as a symptomatic treatment for the relief of the most devastating symptom of the vertiginous disease, that is vertigo.
There are various surgical approaches used to treat vertigo. Selection of the approach depends on the type of the vertiginous disease. Surgical treatment of vertigo is mostly performed for Ménière's disease, and rarely for other disorders (table 1) . In this review, we will not go into detail of the surgical techniques. Rather, we will mainly focus on the current status and outcome of the surgeries used in the treatment of a variety of vertiginous diseases.
Indications for Surgery
Vertigo surgery can be performed primarily for a vertiginous disease like Ménière's disease, or to treat vertigo that occurred as a complication of a disease process like labyrinthitis. Surgical treatment of vertigo can also be divided into two main categories: (1) hearing preserved, and (2) hearing destructed. There are numerous surgical techniques used to treat vertigo or vertiginous disease (table 2). Indication for surgical treatment of peripheral vertigo is based on (1) accurate diagnosis of peripheral vertigo; (2) previous trial of medications and lack of response to medical therapy; (3) general health of the patient must be suitable for a surgical procedure and compensation to occur, and (4) willingness of the patient to undergo surgery for the relief of incapacitating vertigo to increase his/ her quality of life.
Benign Paroxysmal Positional Vertigo
Gravity-sensitive free-floating endolymph particles in the posterior semicircular canal, otoconia displaced from the otolithic membrane in the utricle, underlie most cases of benign paroxysmal positional vertigo (BPPV). Over 90% of patients can be successfully treated with a simple outpatient maneuver that moves the particles back into the utricle [1] . Surgery is required in few patients. In our experience, less than 2% of patients need surgery for BPPV.
Singular Neurectomy
Gacek [2] developed selective sectioning of the posterior ampullary or singular nerve in 1974. This procedure is referred to as singular neurectomy and has been used in the surgical treatment of BPPV. It is a deafferentation surgery, which prevents irreversibly conduction of discharges elicited in the posterior semicircular canal. With singular neurectomy, complete relief of BPPV can be achieved in 96.8%, whereas sensorineural hearing loss may occur in 3.7% [3] . The operation has rarely been performed recently.
Posterior Canal Occlusion
This procedure irreversibly stops flow of the endolymph, and in turn deflection of the cupula. Thus, transduction mechanism in the posterior canal cupula is inhibited indirectly, and the canal cannot elicit discharge anymore. The occlusion can be made by mechanical means or laser (argon or carbon dioxide), both of which have a similar outcome though the incidence of postoperative disequilibrium is less with the latter [4, 5] . Canal occlusion is a very effective technique with a low risk to hearing [6] . Although hearing loss can occur in canal plugging, it may return to the preoperative state [7] . It is important to occlude the canal completely. Otherwise, recurrence of BPPV and iatrogenic fistula are likely to occur [8] .
Endolymphatic Hydrops
Hydrops of the endolymph can be idiopathic as in Ménière's disease, delayed type or secondary to another disease. Etiopathogeneses of the hydrops have not been understood completely in these disorders. In delayed endolymphatic hydrops, the patient has audiometric findings consistent with Ménière's disease, but vertigo occurs later in the course of hydrops. Secondary endolymphatic hydrops occurs as a result of another disease like syphilis. Ménière's disease involves idiopathic endolyphatic hydrops; there is no associated disorder that can cause the symptoms. Surgical treatment is warranted in about 10% of patients with Ménière's disease, and numerous surgical modalities have been developed and applied. In the majority of patients, we cannot cure the vertiginous disease, but we can treat vertigo. Bilaterality is an important issue in Ménière's disease and affects selection of treatment modality. Almost 17% of medically treated and 5.9% of surgically treated patients have bilateral disease [9] . Children comprise almost 1.5% of all patients with Ménière's disease, and sac operation or vestibular neurectomy can be performed [10] . These surgical interventions should also be preferred in bilateral disease, whereas inner perfusion should be avoided.
Sacculotomy and Cochleosacculotomy
Endolymphatic hydrops with dilation of the saccule is radiologically evident in Ménière's disease. Sacculotomy includes drainage of the dilated saccule with resultant elimination of the hydrops. Despite the presence of modifications in sacculotomy techniques, the Cody tack procedure was the most popular sacculotomy operation, in which a 1.5-to 1.7-mm-long stainless steel tack is placed through the stapes footplate to allow drainage as the saccule is distended. This operation may be preferred when the patients have a hearing loss in the hydropic ear, because almost 50% of patients will have a hearing loss despite a vertigo control rate of more than 60% [11] .
Schuknecht [12] developed cochleosacculotomy by creating a fistula between the perilymph and endolymph via a round window approach. Although a vertigo control rate of more than 80% was reported [13, 14] , it is not advocated because long-term control of vertigo is poor, and 30-80% of patients will have a significant hearing loss [15] . Recently, cochleosacculotomy has rarely been performed and may be considered in old patients with Ménière's disease [16] .
Intratympanic Chemical Perfusion of the Inner Ear
Schuknecht [17] first introduced perfusion of the middle ear with aminoglycosides in 1956. This treatment modality has been popular with many otolaryngologists because of ease of application for both the patient and otolaryngologist. It can be performed in an office setting, and perfusion of the inner ear with a high concentration of medications can be made while avoiding their systemic side effects.
Inner ear perfusion methods vary, and include transtympanic injection, sustained release devices (Silverstein MicroWick; Micromedics, Eaton, Minn., USA), microcatheter placement to the round window (Durect Corp., Cupertino, Calif., USA), and injection onto Gelfoam placed in the round window.
Different medications and chemicals have been used for perfusion of the inner ear. Streptomycin perfusion was made in the past [18] . Recently, dexamethasone and gentamicin have been used most commonly. The use of intratympanic gentamicin has been investigated as an alternative treatment to vestibular nerve section or labyrinthectomy. However, with regard to selection of medication, dosage, mode of application and repetition rate of the procedure, the protocols for inner ear perfusion have not been standardized yet.
Vertigo control rate with intratympanic injection of dexamethasone ranges from 43 to 72% [19, 20] , and trials of the significance of dexamethasone perfusion are still continuing. Intratympanic gentamicin therapy has become the most frequently performed invasive procedure for treatment of Ménière's disease with a success rate of control of vertigo ranging from 71.4 to 100% [21, 22] . This vertigo control rate is comparable with vestibular nerve section. Intratympanic gentamicin can also be used to control vertigo in patients with Ménière's disease who have persistent vertigo after unsuccessful endolymphatic sac surgery [23] , although this issue is debated [24] . It was suggested that hearing results of intratympanic gentamicin are not different from those of natural control, of endolymphatic sac surgery, and of vestibular nerve section [25] . Despite this report, hearing loss can be seen up to 75% [21, 22] . Therefore, hearing preservation seems a drawback in gentamicin perfusion. Bilateral Ménière's disease is also a limitation for gentamicin perfusion, because it may result in chronic imbalance and bilateral hearing loss. However, cochlear implantation can be performed in hearing loss occurring due to inner ear perfusion.
Labyrinthectomy
This procedure is an ablative surgery resulting in the loss of both cochlear and vestibular functions. The surgery can be performed in different ways starting from destruction of the semicircular canals to removal of the inner ear entirely. Advanced age is not a contraindication [26] . Transmastoid labyrinthectomy, which was popularized by Cawthorne [27] , may be preferable to transcanal labyrinthectomy, because the incidence of permanent posttreatment imbalance is less with the former [28] .
In labyrinthectomy, an incomplete removal of preganglionic vestibular tissue may cause continued or recurrent physiologic function resulting in further vertigo. Therefore, labyrinthectomy can be combined with vestibular nerve sectioning. However, transmastoid labyrinthectomy and a translabyrinthine vestibular nerve section were shown to offer the same benefit in the control of intractable episodic vertigo [29] . It was also suggested that longterm clinical balance and hearing outcomes of transmastoid labyrinthectomy and retrosigmoid vestibular neurectomy are equivalent with a vertigo control rate exceeding 90% [30, 31] . This contention can be considered true when labyrinthectomy is performed completely without leaving a residual vestibular tissue.
When we consider the possibility of bilateral occurrence of Ménière's disease, it is risky to perform labyrinthectomy, which causes hearing loss. Labyrinthine fibrosis and ossification are seen after labyrinthectomy, which is a limitation when cochlear implantation is needed, particularly in bilateral cases. Therefore, labyrinthectomy has been a rare procedure and should be considered in selected patients.
Endolymphatic Sac Surgery
Portmann [32] introduced endolymphatic sac decompression in 1926. Since then, sac surgery has been improved and modified, including endolymphatic sac-vein decompression and endolymphatic sac shunt.
In the endolymphatic sac-vein decompression procedure, decompression of the sigmoid sinus, posterior cranial fossa dura and endolymphatic sac is performed. According to long-term follow-up results, this surgery is safe and efficient to control vertigo and for stabilization of hearing [33] . Vertigo control rate ranges from 85 to 100%, and hearing stabilization or improvement can be achieved in almost 85% [34] .
Endolymphatic sac shunt surgery is another modification of the sac surgery, in which a shunt is created between the sac and mastoid cavity or between the sac and subarachnoid space. Treatment results of the endolymphatic subarachnoid shunt were reported to be comparable with the endolymphatic mastoid shunt in Ménière's disease [35, 36] . However, in the long term after endolymphatic sac shunt surgery, fibrosis or reclosure of the sac incision may cause deterioration of the outcome. Intraoperative application of mitomycin C to the incised sac may be beneficial in this case [37] . Steroid instillation during surgery may improve vertigo control and hearing stabilization while decreasing tinnitus [38] . Vertigo control occurs in 60-70% in sac shunt surgery [35, 39] . Despite these facts, it was argued that the impact of the various endolymphatic sac shunts on the symptoms of patients with Ménière's disease is most likely caused by a placebo effect [39] . Other studies supported the concept of a placebo effect of sac shunt operations. Insertion of a ventilating tube in the tympanic membrane and complete removal of the extraosseous endolymphatic sac and cortical mastoidectomy gave similar results to sac shunt operation [40] [41] [42] . However, proper application of the surgical procedure seems critical, because sac anatomy shows variations, and the surgeon may have difficulty in entering and enlarging the sac lumen in some cases. This condition may affect the outcome of the surgery. Preservation of sac integrity is also important. An appropriate surgery may result in 90% vertigo control rate [43] .
Sac surgery can be done in childhood or in the elderly, in patients with unilateral hearing loss, and in the case of coexistence of Ménière' disease with other ear diseases like fistula, otitis media and otosclerosis. It can be performed bilaterally. However, sac surgery is not applicable for vertiginous conditions other than endolymphatic hydrops. The surgery may result in hearing loss in 2%, which is attributed to infection or inflammation rather than the surgical procedure itself [24] . Although the value of the endolymphatic sac surgery is conflicting, it has been one of the most common surgical procedures performed in Ménière's disease [24, 43, 44] .
Transmeatal-Transcanal Cochleovestibular Neurectomy
This is an extended transcanal labyrinthectomy in which the cochlear and vestibular nerves are cut at the lateral end of the internal acoustic canal as well. This surgery has been used most commonly in Ménière's disease, and rarely in chronic labyrinthitis occurring after stapes, middle ear or mastoid surgery. Vertigo and tinnitus control rates are 84 and 65%, respectively [45] . Transmeataltranscanal cochleovestibular neurectomy has not been commonly performed by now because of introduction of more precise vertigo control techniques and it eliminates the chance for cochlear implantation. For these reasons, the authors also gave up performing this procedure in vertigo surgery.
Vestibular Nerve Section
This is a deafferentation surgery for vestibular impulses. It can be performed via several routes using different techniques. In 1904, Frazier [46] first performed posterior fossa sectioning of the eighth nerve, which was popularized by McKenzie [47] and Dandy [48] in the early 1930s. The middle fossa approach was first introduced by Perry [49] in 1904, and improved by House [50] in 1961. Later, Fisch [51] and Glasscock et al. [52] modified and popularized vestibular nerve sectioning. The infralabyrinthine approach was introduced by Vernick [53] in 1990, but did not see wide acceptance. Silverstein and Norrell [54] and Silverstein et al. [55, 56] used the retrolabyrinthine approach in 1978, retrosigmoid-internal acoustic canal approach in 1985, and retrosigmoid-retrolabyrinthine approach in 1987.
The middle and posterior fossa approaches are most commonly used to selectively section the vestibular nerve. In the internal acoustic canal, cochlear and vestibular nerves form separate bundles, therefore selective vestibular neurectomy can be performed completely. The middle fossa approach is convenient to reach the internal acoustic canal and selectively cut the vestibular nerve. However, landmarks are not consistent, and there is a risk of injuring the facial nerve and cochlea unless the surgeon is experienced. Adhesions in the middle fossa dura seen in the elderly may have an impact on the surgical approach. The posterior fossa approach includes different techniques. The retrosigmoid-internal acoustic canal technique can lead to postoperative headache because of drilling in the internal acoustic canal. The incidence of cerebrospinal fluid leakage is high in the retrolabyrinthine technique. So far, the combined retrosigmoid-retrolabyrinthine technique has been the most common approach for selective vestibular nerve section.
In the retrosigmoid-retrolabyrinthine technique, it is possible to selectively cut the vestibular nerve according to the following criteria: (1) the vestibular nerve forms the cranial portion of the vestibulocochlear nerve in the cisternal portion; (2) the vestibular nerve portion contains 18,000 fibers and looks grayish, while the cochlear nerve portion contains 31,000 fibers and looks white; (3) there is a demarcation line or septum between the cochlear and vestibular nerves in almost 75-80% of cases [46, 51, 52] , and (4) in the absence of the other criteria, the superior half of the cochleovestibular nerve can be cut to perform selective vestibular neurectomy. The retrosigmoid-retrolabyrinthine technique also allows for inspection of the other cranial nerves (5-11) as well as any vascular compression.
Vestibular neurectomy is an effective procedure for relieving vertigo in intractable Ménière's disease with a success rate of 90-100% while preserving hearing in most Göksu/Bayazıt/Yılmaz/Bayramoglu of the patients [57] . It was shown that vertigo control results of vestibular neurectomy are better than those of endolymphatic sac surgery [58] , whereas hearing results of both procedures are similar [59] . Tinnitus control with vestibular neurectomy is better than with endolymphatic sac surgery [60] . According to our results in 116 patients with Ménière's disease, concurrent endolymphatic sacsubarachnoid shunt surgery and vestibular nerve section does not improve hearing or tinnitus outcome over vestibular nerve section alone [61] . Similar results were also reported by other researchers [62] . Accordingly, a beneficial effect of endolymphatic sac-subarachnoid shunt surgery seems questionable in Ménière's disease.
Most of the other surgical procedures like sac surgery and labyrinthine perfusion are used only in the surgical treatment of endolymphatic hydrops. However, vestibular neurectomy can be applied in a wide spectrum of diseases like endolymphatic hydrops, recurrent vestibulopathy, recurrent vestibular neuronitis and labyrinthine fibrosis. Cochlear implantation can be successfully performed after vestibular neurectomy as well. Elderly population and the presence of a severe systemic disease may be limitations for vestibular neurectomy due mainly to the possibility of inefficient postoperative vestibular compensation.
The authors favor retrosigmoid-retrolabyrinthine vestibular neurectomy for the treatment of intractable peripheral vertigo, and they have operated on more than 280 patients with Ménière's disease since 1991. Despite some minor complications like cerebrospinal fistula (!0.5%), no major complications have been observed. The long-term (12 years) vertigo control (195%) and hearing preservation (81%) rates have been satisfactory. In our experience, in spite of being a posterior fossa approach, retrosigmoid-retrolabyrinthine vestibular neurectomy is a safe and effective operation.
Other Surgical Interventions
Middle ear muscle tenotomy and ventilation tube insertion may be performed in Ménière's disease. In a trial of middle ear muscle tenotomy, sectioning of the tensor tympani and stapedius muscle tendons significantly reduced the frequency and intensity of vertigo and improved hearing and tinnitus in 2 years of follow-up [63] . In another trial of insertion of a ventilation tube in the tympanic membrane, vertiginous attacks were controlled in 82% in 2 years of follow-up, and it was suggested that patients with endolymphatic hydrops are particularly sensitive to middle ear pressure [64] . The significance of these interventions is subjected to discussion.
Neurovascular Compression
The concept of vascular compression syndrome has evolved and is considered in the etiology of various diseases including trigeminal neuralgia, hemifacial spasm, vertigo and neurogenic or essential hypertension [65, 66] . Vascular compression of the eighth nerve usually manifests itself by disabling positional vertigo and occasionally by Ménière's disease-like symptoms. The anterior inferior cerebellar artery forms a loop around the vestibulocochlear nerve in the majority of cases, while compression caused by the vertebral artery and posterior inferior cerebellar artery is rare.
Diagnosis can be made according to history, physical findings, audiological assessment, vestibular function testing, auditory brainstem evoked responses, air contrast computed tomography or magnetic resonance imaging [67] [68] [69] . History is very important in the diagnosis and differential diagnosis of vertiginous diseases. The value of vestibular function tests is limited to giving an objective clue about the presence and side of the vertiginous process. Computed tomography also has a limited value, and air contrast computed tomography is not used anymore. Prolongation of wave I-III interval on auditory brainstem testing is an important clue regarding compression of the vestibulocochlear nerve. Magnetic resonance imaging is an important tool to demonstrate the existence of a vascular compression.
Decompression of the vestibulocochlear nerve should be performed in the early phase of the disease, since cochlear and vestibular functions are irreversibly impaired if neurovascular compression continues for a long period of time [70] . The patients with vertigo due to vascular compression have been treated surgically by separating the vascular loop from the nerve [71] , proceeded by the placement of a piece of muscle tissue or Teflon between the vessel and the nerve. Occasionally, vestibular nerve resection or section medial to the vascular loop relieves vertigo [72] . In our experience, neurovascular compression is an important clinical entity rather than being a fiction. In particular, it should be considered in the differential diagnosis of disabling positional vertigo. According to our observations, the compression site is usually in the root entry zone of the cochleovestibular nerve due to the anterior inferior cerebellar artery being the most common cause of compression. The combined retrosigmoid-retrolabyrinthine approach is convenient to gain access to the compression site. The adjunctive use of endosopes is of the utmost importance to evaluate the neurovascular relationship precisely. This approach will also allow simultaneous vestibular neurectomy as indicated.
Perilymphatic Fistula
Fistula is defined as an abnormal communication between the middle and inner ear, and can occur spontaneously, in the course of a middle ear infection or after a trauma (barotrauma, iatrogenic and fracture). Vertigo may be absent, or can occur spontaneously or with pressure changes affecting the inner ear. There is no unique test to diagnose a fistula. Despite this diagnostic controversy, many still operate when this condition is suspected based on history and symptoms. Diagnosis can be made when the fistula has been seen intraoperatively. When the fistula is seen, the simplest way to repair is to seal it with cartilage, bone dust mixed with fibrin glue, temporalis fascia or pedicled temporalis muscle [73] . Despite the presence of signs and symptoms suggesting a perilymph fistula, it is not possible to find a fistula in every operation. In this case, oval and round window packing can be made at the time of surgical exploration. These will usually help to control vertigo. Occasionally, adjunct modalities (endolymphatic shunt, labyrinthectomy, blocking a cochlear aqueduct and streptomycin ablation) can be used to control vertigo [74] . Coexistence of perilymphatic fistula and Ménière's disease is possible. In this case, fistula repair is performed first, reserving other vertigo surgeries as a secondary procedure if needed [75] . In children, surgical repair of the fistula results in stabilization of hearing in 10% and vertigo control in 71% [76] .
Pontocerebellar Lesions
Acoustic neuroma is the most common pontocerebellar tumor requiring surgery. The tumor usually arises from the vestibular nerve, especially from the superior vestibular nerve. Patients usually experience dizziness or unsteadiness rather than vertigo attacks. Slow tumor growth, which allows for vestibular compensation to occur, is the cause of dizziness instead of true vertigo [77] . The vestibular nerve is cut during surgical excision of the tumor. That sudden deafferentation of the vestibular signals leads to postoperative vertigo. But vestibular compensation starts a few days after the operation and is completed in several months.
Arachnoid cyst can also cause dizziness and rarely vertigo. Magnetic resonance imaging is helpful in the diagnosis. Surgical excision of the cyst is enough to relieve the symptoms. Vestibular neurectomy is needed occasionally.
Other Diseases
Vertigo can occur due to rare disorders of the inner ear like labyrinthine fibrosis or in the course of a systemic disease like syphilis or Cogan syndrome that may impact on inner ear functions. Medical treatment of the underlying disease may help to reverse inner ear functions with resultant elimination of vertigo. Otherwise, surgical treatment is considered that mostly includes labyrinthectomy or vestibular neurectomy.
Conclusion
An effective and permanent method of relief in Mé-nière's disease is debated, and medical and surgical treatments are controversial [78] . Endolymphatic sac surgery is the only nondestructive procedure for Ménière's disease though its benefit is debated. Destructive procedures such as labyrinthectomy and vestibular nerve section are usually reserved for cases of failure or recurrence [79] . Recently, the number of vestibular neurectomies, labyrinthectomies, and endolymphatic sac surgeries has decreased. Meanwhile, the use of office-administered intratympanic gentamicin therapy has increased rapidly, and it has become the most frequently used invasive treatment for Ménière's disease [80] .
The majority of surgeries are used only for relief of vertigo in Ménière's disease. However, vestibular neurectomy can be used in the surgical treatment of vertigo in a variety of vertiginous disorders. It has a low complication and high success rate, and can be applied as an initial surgery or reserved as the last step in the treatment of vertigo, depending upon the preference of both the patient and surgeon.
